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(57) ABSTRACT

The invention relates to silicon dioxide powder which is
present in the form of aggregated primary particles having an
average diameter of at least 40 nm and a ratio of the BET
surface area to the STSA surface area of at least 3.5. The
invention also relates to a toner composition containing said
silicon dioxide powder.
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1
SILICON DIOXIDE POWDER HAVING
SPECIAL SURFACE PROPERTIES AND
TONER COMPOSITION CONTAINING SAID
POWDER

The invention relates to a silica powder with specific sur-
face properties and to the preparation thereof. The invention
further relates to a toner composition.

DE-A-10145162 discloses a hydrophilic fumed silica in
the form of aggregated primary particles with a mean particle
size of less than 100 nm, which preferably has a specific
surface area of 25 to 500 m*/g with minimal surface rough-
ness. DE-A-102004063762 discloses a hydrophilic fumed
silica in the form of aggregated primary particles with a mean
particle size of 0.5-1000 nm, which preferably has a specific
surface area of 1 to 1000 m*/g. DE-A-102005007753 dis-
closes a hydrophilic fumed silica in the form of aggregated
primary particles with a mean particle size of 0.5-1000 nm,
which preferably has a specific surface area of more than 10
m?/g, preferably 75 to 350 m*/g. In the patent applications
cited, the fumed silica preferably has a fractal dimension of
the mass of less than or equal to 2.8.

DE-A-19756840 discloses a fumed silica which hasa BET
surface area between 30 and 150 m*/g and a fractal BET
dimension of less than 2.605. The silica thus obtained can be
used, for example, for polishing. This silica is obtained by
maintaining, in a flame hydrolysis process, a hydrogen ratio
gamma of less than 1 and at the same time an oxygen ratio
lambda likewise of less than 1. In this context, gamma is the
ratio of hydrogen fed in plus hydrogen from the raw materials
relative to stoichiometrically required hydrogen. Lambda is
the ratio of oxygen fed in to stoichiometrically required oxy-
gen.

EP-A-1997776 discloses a fumed silica powder with low
thickening action, which is present in the form of aggregated
primary particles, and has an STSA surface area of 10 to 500
m?/g, a thickening action based on the STSA surface area of
4 to 8 mPas-g/m? and a micropore volume of 0.03 to 0.07
cm>/g. The primary particle diameters are preferably less than
40 nm.

It was an object of the present invention to provide particles
which, owing to their size and their inner and outer structures,
are capable of exhibiting good adhesion properties on sur-
faces in the event of mechanical stress on these surfaces, for
instance shearing. It was a further object of the invention to
provide a process for preparing these particles.

The invention provides a silica powder which is in the form
of'aggregated primary particles having a mean diameter of at
least 40 nm, preferably 40 to 70 nm, more preferably >50 to
60 nm and a ratio of the BET surface area to STSA surface
area of at least 3.5, preferably 3.5 to 7, more preferably 3.8 to
6.

Primary particles are understood in the context of the
present invention to mean particles which are formed at first
in the reaction, and which can coalesce later in the reaction to
form aggregates.

In the context of the invention, aggregates are understood
to mean primary particles of similar structure and size which
have coalesced with one another, the surface area of which is
smaller than the sum of the individual isolated primary par-
ticles. Several aggregates or else individual primary particles
may combine further to form agglomerates. Aggregates or
primary particles are in point contact with one another.
Depending on their degree of fusion, agglomerates can be
separated again by introduction of energy.
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The inventive silica powder preferably has a BET surface
area of 100 to 400 m*/g and more preferably of 200 to 300
m?/g. The BET surface area is determined to DIN ISO 9277.

The BET surface area, the STSA surface area and the
micropore volume are determined by measuring the N,
adsorption isotherms at 77K. Prior to the measurement, the
silica powder is degassed at 200° C. for 1 h under reduced
pressure.

The STSA surface area characterizes the external surface
area of the underlying particles of the silica powder, i.e.
without taking account of the surface area caused by
micropores. The STSA surface area is determined to ISO
18852 using the specific layer thickness equation

=(26.6818/(0.0124806-log(p/p)))*4,

where p=gas pressure and pO=saturation vapour pressure of
the adsorptive at the measurement temperature, both with the
unit Pa.

The same layer thickness equation is used to determine the
micropore volume by the t method (DIN 66135-2).

The mean primary particle diameter is preferably deter-
mined by evaluation of TEM images (TEM=transmission
electron microscope).

In a particular embodiment, the inventive silica powder has
a thickening action based on the STSA surface area of more
than 8 mPas-g/m?, more preferably 8 to 12 mPas-g/m?, most
preferably 9 to 11 mPas-g/m>.

The thickening action (in mPas) is determined in a disper-
sion of the silica powder in an unsaturated polyester resin
with a viscosity of 1300+£100 mPas at a temperature 0of 22° C.
and measured with a rotary viscometer at a shear rate of
2.7 s7! and a temperature of 25° C. Suitable unsaturated
polyester resins include cocondensates formed from ortho- or
meta-phthalic acid and maleic acid or fumaric acid, or the
anhydrides thereof, and a low molecular weight diol, for
example ethylene glycol, 1,2- or 1,3-propanediol, 1,2-, or 1,3-
or 1,4-butanediol or neopentyl glycol ((CH;),C(CH,OH),),
or polyols such as pentaerythritol, preferably dissolved in an
amount of 30 to 80% by weight, preferably 60 to 70% by
weight, in an olefinic reactive diluent as a solvent, for
example monostyrene. The viscosity of the polyester resin is
13004/-100 mPas at a temperature of 22° C. 7.5 g of silica
powder are added to 142.5 g of polyester resin at a tempera-
ture of 22° C. and dispersed by means of a dissolver at 3000
min~". 60 g of this dispersion are admixed with a further 90 g
of the unsaturated polyester resin, and the dispersing opera-
tion is repeated. An example of a suitable unsaturated poly-
ester resin is Ludopal® P6, BASF.

In a further particular embodiment, the inventive silica
powder has a micropore volume of preferably at least 0.07
cm>/g, more preferably 0.07 to 0.09, most preferably 0.072 to
0.080.

The fractal dimension D,, of the inventive silica powder
may preferably be at least 2.80, more preferably 2.80 to 2.90
and most preferably 2.83 to 2.87. D,, is determined by N,
adsorption in the pressure range p/p,=0.5 to 0.8 by the fractal
BET theory for multilayer adsorption by the method specified
by Pfeifer, Obert and Cole (Proc. R. Soc. London, A 423, 169
(1989)).

Surface roughness can be quantified by means of the theory
offractals. Fractals are structures which are similar on differ-
ent length scales. Many properties of fractals can be described
by power laws. When, for example, the increase of the mass m
with the radius r is examined, the mass fractal dimension
d,,=3 is obtained for the limiting case of a compact sphere.
For a structure which has cavities and pores, the result is a
mass fractal dimensiond,,<3. Itis also possible for surfaces to
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possess fractal properties. In this case, the size of the surface
area varies with the radius. For a perfectly smooth surface, the
result is 5. For fumed silicas, the mass fractal dimension is
generally in the range from 1.5 to 2.0, and the surface-based
dimensions approx. 2.0.

The DBP absorption, unit g SiO,/100 g DBP, based on the
STSA surface area, unit m*/g, of the inventive silica powder
may preferably be 3.5 g/100 g m*g™" or higher, more prefer-
ably 3.5 to 5 g/100 g m?g~". Dibutyl phthalate absorption is
measured with a RHEOCORD 90 system from Haake,
Karlsruhe. For this purpose, 8 g of the silica powder, accu-
rately to 0.001 g, are introduced into an kneading chamber,
which is closed with a lid, and dibuty] phthalate is metered in
through a hole in the lid with a preset metering rate of 0.0667
ml/s. The kneader is operated with a motor speed of 125
revolutions per minute. On attainment of the torque maxi-
mum, the kneader and the DBP metering are automatically
switched off. The amount of DBP consumed and the amount
of particles weighed in are used to calculate the DBP absorp-
tion according to: DBP absorption (g/100 g)=(consumption
of DBP in g/starting weight of particles in g)x100.

The invention further provides a process for preparing the
inventive silica powder, in which

a) amixture comprising in each case one or more hydrolys-

able and/or oxidizable silicon compounds, oxygen-con-
taining gases and primary combustion gases which react
with the oxygen-containing gases to form water is sup-
plied to a flame burning from a burner in a flame tube,

b) separately therefrom, one or more secondary combus-

tion gases are introduced into the flame tube from a tube
surrounding the burner, and

c) ata later time, one or more tertiary combustion gases are

supplied to this reaction mixture within the flame tube,

d) then the solids are removed from the reaction mixture,
where

gamma, <1, gamma,<1 and gamma;<1 and

gamma, ,=gamma, +gamma,<l

gamma,,,,/~gamma, +gamma,+gamma,>1 and

lambda,>1 where

gamma,=primary combustion
required combustion gas

gamma,=secondary combustion gas/stoichiometrically
required combustion gas

gamma,=tertiary  combustion
required combustion gas and

lambda,=oxygen in the oxygen-containing gas/stoichio-
metrically required oxygen

A “later time” shall be understood to mean that the tertiary
combustion gas is added at a time at which the structure and
the properties of the silica particles can still be influenced.
The tertiary combustion gas is preferably added 0.1 to 30 ms,
more preferably 1 to 10 ms and most preferably 2 to 6 ms after
addition of the secondary combustion gas to the reaction
mixture.

Pyrogenic processes, especially flame hydrolysis pro-
cesses, are typically performed in such a way that the starting
materials are in such a stoichiometric ratio relative to one
another that the combustion gas supplied is at least sufficient
to hydrolyse the feedstocks. The amount of combustion gas
required for that purpose is referred to as the stoichiometric
amount of combustion gas.

In the process according to the invention, the ratio of the
primary combustion gas supplied (in mol) to the stoichio-
metrically required amount of combustion gas just defined (in
mol) is referred to as gamma, . Gamma, in the process accord-
ing to the invention is less than 1. Gamma,=(primary com-
bustion gas/stoichiometric combustion gas)<1.

gas/stoichiometrically

gas/stoichiometrically
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In addition, one or more secondary combustion gases are
used in the process according to the invention. These are
introduced into the flame tube separately from the primary
combustion gas, from a tube surrounding the burner. The ratio
of the secondary combustion gas supplied (in mol) to the
stoichiometrically required amount of combustion gas (in
mol)is referred to as gamma,. Gamma, in the process accord-
ing to the invention is less than 1. Gamma,=(primary com-
bustion gas/stoichiometric combustion gas)<1.

In addition, a tertiary combustion gas is used in the process
according to the invention. This is introduced into the flame at
a later time than the primary combustion gas and the second-
ary combustion gas. The ratio of the tertiary combustion gas
supplied (in mol) to the stoichiometrically required amount of
combustion gas (in mol) is referred to as gamma,. Gamma, in
the process according to the invention is less than 1.
Gamma;=(primary combustion gas/stoichiometric combus-
tion gas)<l.

In addition, for the process according to the invention:

gamma, ,=gamma, +gamma,<1 and gamma,,,,~gamma,+
gamma,+gamma,>1.

For a preferred embodiment of the process,
gamma,>gamma,.

For a further preferred embodiment of the process,
gamma,<gamma, and/or gamma,<gammas.

For a further preferred embodiment of the process,
0.2=gamma, <0.6 and 0.4 gamma,=<0.8.

Secondary combustion gas and/or tertiary combustion gas
can be supplied, for example, by means of a ring nozzle.

Pyrogenic processes, especially processes produced by
flame hydrolysis, are typically performed in such a way that
an amount of oxygen used, for example from the air, is at least
sufficient to convert the silicon starting compounds to silica
and to convert combustion gas. This amount of oxygen is
referred to as the stoichiometric amount of oxygen.

The ratio of the oxygen supplied in the form of an oxygen-
containing gas (in mol) to the stoichiometrically required
amount of oxygen just defined (in mol) is referred to as
lambda, . Lambda, in the process according to the invention is
greater than 1. Lambda,=primary oxygen/stoichiometric
oxygen>1. In a preferred embodiment, 1<lambda, <10, more
preferably 3<lambda, <7.

In the process according to the invention, one or more
hydrolysable silicon compounds are used. Hydrolysable sili-
con compounds are understood to mean those which are
converted to silica by reaction with water. The silicon com-
pounds can be introduced in vaporous form or as a solution in
a solvent with which no reaction takes place. The silicon
compounds are preferably introduced in vaporous form.

The hydrolysable silicon compounds are preferably silicon
halides, silicon organohalides and/or silicon alkoxides. Par-
ticular preference may be given to using SiCl,, MeSiCl;,
Me,SiCl,, Me,SiCl, Me,Si, HSiCl,, Me,HSiCl, MeEtSiCl,,
Cl;SiSiMeCl,, Cl,SiSiMe,Cl, Cl1;8i18iCl,,
MeCl,SiSiMeCl,, Me,CISiSiMeCl,, Me,CISiSiClMe,,
Me,SiSiClMe,, Me,; SiSiMe,, MeEtSiCl,, tetraethoxysilane,
tetramethoxysilane, D4-polysiloxane and/or D5-polysilox-
ane. Very particular preference is given to using SiCl,.

The combustion gas used may preferably be hydrogen,
methane, ethane, propane, butane, natural gas and/or carbon
monoxide. Particular preference is given to hydrogen.

The oxygen-containing gas used is preferably air (primary
air, secondary air). However, it is also possible to enrich the
air with oxygen, usually up to an oxygen content of 35% by
volume.

After the removal of gaseous substances, the silica powder
can be treated with steam. This treatment serves primarily to
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remove chloride-containing groups from the surface. At the
same time, this treatment reduces the number of agglomer-
ates. The process can be performed continuously, by treating
the powder with steam, optionally together with air, in cocur-
rent or countercurrent. The temperature at which the treat-
ment with steam is effected is between 250 and 750° C.,
preference being given to values of 450 to 550° C.

The invention further provides a process for preparing a
surface-modified silica powder present in the form of aggre-
gated primary particles, the surface of which or parts thereof
is covered by chemically bound linear and/or branched alkyl-
silyl groups having 1 to 20 carbon atoms, in which the inven-
tive silica powder is sprayed with one or more surface-modi-
fying agents which are optionally dissolved in an organic
solvent and have linear and/or branched alkylsilyl groups
having 1 to 20 carbon atoms, or with which these groups are
formed during the reaction, and the mixture is subsequently
treated thermally at a temperature of 120 to 400° C. over a
period of 0.5 to 8 hours, optionally under protective gas.

The surface-modifying agent is preferably selected from
the group consisting of hexamethyldisilazane, dimeth-
yldimethoxysilane, dimethyldiethoxysilane, trimethyl-
methoxysilane, methyltrimethoxysilane, butyltrimethoxysi-
lane, dimethyldichlorosilane, trimethylchlorosilane and/or
silicone oils.

The invention further provides a surface-modified silica
powder present in the form of aggregated primary particles,
the surface of which or parts thereof'is covered by chemically
bound linear and/or branched alkylsilyl groups having 1 to 20
carbon atoms, which is obtainable by the process according to
the invention.

The invention further provides a toner composition com-
prising the inventive silica powder, preferably with a propor-
tion of the silica powder 01 0.1 to 10% by weight, based on the
toner composition,

EXAMPLES

Example 1 (comparative example): 108 kg/h of silicon
tetrachloride, 14 m® (STP)/h of hydrogen (primary combus-
tion gas) and 140 m> (STP)/h air are mixed in a burner, and the
mixture is ignited and burnt into a reaction chamber. An
additional 21 m® (STP)/h of hydrogen (secondary combustion
gas) and 40 m® (STP)/h of secondary air are introduced into
the reaction chamber.

The powder formed is separated out in a downstream filter
and then treated in countercurrent with air and steam at 520°
C.

Example 2 (comparative example) is performed analo-
gously to Example 1, except using the amounts of feedstock
specified in Table 1.

Silica powder is obtained with the properties specified in
Table 2.

Example 3 (according to invention): 100 kg/h of silicon
tetrachloride, 10 m3 (STP)/h of hydrogen (primary combus-
tion gas) and 155 m3 (STP)/h air, are mixed in a burner, and
the mixture is ignited and burnt into a reaction chamber. An
additional 5 m3 (STP)/h of hydrogen (secondary combustion
gas) and 50 m3 (STP)/h of secondary air are introduced into
the reaction chamber. An additional 17 m3 (STP)/h hydrogen
(tertiary combustion gas) are introduced into the reaction
chamber via a downstream ring nozzle. The powder formed is
separated out in a downstream filter and then treated in coun-
tercurrent with air and steam at 520° C.

Examples 4 and 5 (according to invention) are performed
analogously to Example 3, except with the amounts of feed-
stock specified in Table 1.
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Silica powder is obtained with the properties specified in
Table 2.

Example 6 (comparative example): 100 parts by weight of
the silica powder from Example 1 are initially charged in a
mixer and sprayed first with water and then with 25 parts by
weight of hexamethylsilazane (HMDS). Thereafter, the reac-
tion mixture is treated at 150° C. for 2 hours. The level of
hydrophobicity is 99%.

Example 7 (according to invention): as Example 6, except

using the silicon dioxide powder from Example 3 and 15 parts
by weight of HMDS.

Example 8 (according to invention): as Example 6, except
using the silicon dioxide powder from Example 4 and 20 parts
by weight of HMDS. The level of hydrophobicity is 99%.

Example 9 (according to invention): as Example 6, except
using the silicon dioxide powder from Example 5 and 20 parts
by weight of HMDS. The level of hydrophobicity is 99%.

Example 10 (comparative example): toner composition 97
parts by weight of a negatively charged crude toner powder,
produced by polymerization (from Sinonar), 2.5 parts by
weight of the silicon dioxide powder surface-modified with
HMDS from Example 6 and 0.5 part by weight of AERO-
SIL® RX200 are mixed together in a Henschel mixer at 5000
rpm for 1 minute.

Examples 11 to 13 (according to invention): analogous to
Example 8, except using the hydrophobicized silicon dioxide
powder from Example 7 to 9, rather than the hydrophobicized
silicon dioxide powder from Example 6.

The triboelectric charge of Examples 10 to 13 is measured
by mixing 2 g of the toner composition of Examples 10 to 13
in each case with 48 g of iron powder in each case in a 75 ml
glass vessel, and storing the mixed powder at 20° C. and 60%
humidity over a period of 24 hours. Subsequently, the mixed
powder is treated in a mixer over a period of 1, 3, 10, 30 and
90 minutes, and the triboelectric charge is determined by
means of the TB-200 measuring instrument, produced by
Toshiba Chemical Corp. Table 3 shows the values deter-
mined. It is found that the toner compositions produced with
the inventive silicon dioxide powder from Examples 11 to 13
undergo only a slight change in charge over time, whereas a
distinct decrease is observed in the comparative example.

As SEM (scanning electron microscope) images show, the
aggregated primary particles of the inventive silicon dioxide
powder adhere particularly well to the surface, even in the
event of mechanical stress on this surface.

TABLE 1
Feedstocks and amounts used; flame parameters
Example 1* 2% 3 4 5
SiCly kg/h 108 108 100 100 100
Primary H, m? (STP)/h 14 20 10 12 13
Secondary H,  m?(STPYh 21 21 5 5 5
Tertiary H, m? (STP)/h — — 17 15 14
Primary air m3 (STPYh 140 140 155 155 155
Secondary air  m* (STP)/h 40 40 50 50 50
gamma, 0.50 0.71 0.38 0.46 0.50
gamma, 0.74 0.74 0.19 0.19 0.19
gammas — — 0.65 0.57 0.3
gamma,,, 1.24 1.45 1.22 1.22 122
lambda, 4.13 2.90 6.28 526 4.86
lambda,,,; 1.67 1.43 2.67 2.67 2.67
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TABLE 2
Physicochemical properties
Example 1* 2% 3 4 5
¢ Primary particles nm 23 11 57 53 51
BET surface area m?g! 269 363 229 245 270
STSA surface area m?g! 118 214 41 57 71
Thickening mPas 840 1435 450 520 610
Micropore volume em3g! 0.063 0.069 0.078 0.074 0.071
Fractality D, — 2.774 2.689 2.849 2.820 2.802
DBP g/100 g 256 300 180 210 251
BET/STSA — 2.28 1.70 5.58 4.46 3.80
Thickeningg ., mPas/m’g~! 7.12 6.71 10.98 9.12 8.59
DBPgyg4 g/100 gm’g™t 217 1.40 4.39 3.68 3.53
*Comparative examples
TABLE 3 gamma,=tertiary combustion  gas/stoichiometrically
required combustion gas and
Toner composition-triboelectric charge (uC/g) lambda,=oxygen in the oxygen-containing gas/stoichio-
as a function of time (min) 20 metrically required oxygen.
. 8. The process of claim 7, wherein
SiO, from p
2
Example example 1min 3 min 10min  30min 90 min gamma, >gamma,. . .
. The process of claim 7, wherein
9. The p f claim 7, wh
}? g -ﬂ -};55 -} 2-5 -}i S -}2-5 1) ge(limglal<gamma3, (i) gamma,<gamma,, or both (i)
- - - T - and (ii).
12 8 -145  -15 -145  -14 -14 23 (i) . .
3 o 175 16 15 14 15 10. The process of claim 7, wherein
0.2=gamma,<0.6 and 0.4sgamma,=<0.8.
11. The process of claim 7, wherein the
The invention claimed is: secondary combustion gas, the tertiary combustion gas, or
1. A silica powder, in a form of aggregated primary par- 30 L 2b9ft1111, are supph;:dlby a;jnghnozgle.
ticles having a mean diameter of at least 40 nm and a ratio of l<i Eéjr oc;:(s)s ol claim '/, wheretn
=
a BET surface area to a STSA surface area of at least 3.5. ambda, =10 . L .
2. The silica powder of claim 1, wherein 13. The process of claim 7, further comprising introducing
the BET surface area is 100 to 2100 m*g a further oxygen-comprising gas into the flame tube.
3. The silica powder of claim 1, having ’ 35 14.Aprocess for preparing a surface-modified silica pow-
- 3

athickening action based onthe STSA surface area of more
than 8 mPas-g/m?>.

4. The silica powder of claim 1, having

a micropore volume of at least 0.07 cm’/g.

5. The silica powder of claim 1, having a

fractal dimension Dm of at least 2.80.

6. The silica powder of claim 1, wherein a

DBP absorption based on the STSA surface area is 3.5
2/100 g m*g™" or higher.

7. A process for preparing the silica powder of claim 1, the

process comprising

a) supplying a mixture comprising one or more hydrolys-
able and/or oxidizable silicon compounds, an oxygen-
comprising gas and a primary combustion gas which
reacts with the oxygen-comprising gas to form water, to
a flame burning from a burner in a flame tube,

b) separately introducing one or more secondary combus-
tion gases into the flame tube from a tube surrounding
the burner, and

c) at a later time, supplying one or more tertiary combus-
tion gases to a reaction mixture within the flame tube,
and

d) then removing at least one solid from the reaction mix-
ture, where

gamma, <1, gamma,<1 and gamma;<1 and

gamma, ,=gamma, +gamma,<1

gamma,,,,,~gamma, +gamma,+gamma,>1 and

lambda,>1 where

gamma,=primary combustion
required combustion gas

gamma,=secondary combustion gas/stoichiometrically
required combustion gas

gas/stoichiometrically
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der in a form of aggregated primary particles, a surface of
which or parts thereof is covered by chemically bound linear
and/or branched alkylsilyl groups having 1 to 20 carbon
atoms, the process comprising spraying the silica powder of
claim 1 with one or more surface-modifying agents which are
optionally dissolved in an organic solvent and have linear
and/or branched alkylsilyl groups having 1 to 20 carbon
atoms, and subsequently thermally treating the sprayed silica
powder at a temperature of 120 to 400° C. over a period of 0.5
to 8 hours, optionally under a protective gas.

15. The process of claim 14, wherein

the surface-modifying agent is at least one selected from

the group consisting of hexamethyldisilazane, dimeth-
yldimethoxysilane, dimethyldiethoxysilane, trimethyl-
methoxysilane, methyltrimethoxysilane,  butyltri-
methoxysilane, dimethyldichlorosilane,
trimethylchlorosilane and a silicone oil.

16. A surface-modified silica powder in a form of aggre-
gated primary particles, a surface of which or parts thereof is
covered by chemically bound linear and/or branched alkylsi-
Iyl groups having 1 to 20 carbon atoms, obtained by the
process of claim 14.

17. A toner composition comprising the silica powder of
claim 1.

18. The silica powder of claim 1, wherein the aggregated
primary particles have a mean diameter of 40 to 70 nm.

19. The silica powder of claim 1, wherein the ratio of the
BET surface area to the STSA surface area is in a range of 3.5
to 7.

20. The silica powder of claim 1, having a micropore vol-
ume of 0.07 to 0.09 cm’/g.

#* #* #* #* #*



